ABSTRACT The rare maritime ringlet butterßy (Coenonympha tullia nipisiquit McDonnough), which inhabits salt marshes in maritime Canada, experiences tidal ßooding throughout its development. Its low vagility and the imminence of sea level rise call for the immediate investigation on the effect of ßooding on survival. The maritime ringletÕs tolerance to tidewater submergence for up to 24 h was compared with that of the inornate ringlet (C. tullia inornata Edwards), a subspecies occupying nearby upland meadows. The suitability of salt meadow cordgrass [Spartina patens (Aiton) Muhl.], a major host of the maritime ringlet, for neonate inornate ringlet larvae was tested as well. Maritime ringlet larvae showed higher tolerance to tidewater submergence than inornate ringlet larvae, which were more likely to die from submergence stress after a few days. Although tidal submergence is probably not lethal to the maritime ringlet, there is a possibility of negative impact caused by prolonged submergence during storm tides. The inornate ringlet larvae failed to adopt S. patens, and all larvae died within 1 wk when forced to feed on it. The results suggest that the maritime ringlet has evolved physiological adaptations to saline wetland conditions that have enabled it to exploit its current habitat.
INTEREST IN WETLAND ECOLOGY has grown in recent years as we have come to recognize the valuable functions of wetlands as well as imminent threats to them (Keddy 2000) . Because of wetlandsÕ roles as reservoirs of uniquely adapted ßora and fauna, studies on wetland organisms, including invertebrates, have received much attention lately (e.g., Batzer and Wissinger 1996 , Painter 1999 , Hall et al. 2004 , Schoenly et al. 1998 , Williams et al. 2004 . Ecological studies of wetland insects have proliferated as these organisms have come to be recognized as an important food resource in waterfowl management (Murkin and Batt 1987) , biological indicators of habitat integrity (LaGrange and Dinsmore 1989 , Coulson et al. 1990 , Greenwood et al. 1991 , Adamek and Sukop 1992 , Holmes et al. 1993 , and objects of conservation concern because of habitat loss or degradation as a result of wetland loss and radical wetland management Cham 1994, Warren 1994) .
Several authors have found that ßooding during diapause had detrimental effects on survival of lepidopteran larvae in seasonally ßooded habitats (e.g., Joy and Pullin 1997 , 1999 , Webb and Pullin 1998 , Konvič ka et al. 2002 . Animals that inhabit tidal wetlands experience frequent ßooding while they are metabolically active. In comparison with freshwater submergence, saltwater submergence subjects an insect to hyperosmotic conditions in addition to hypoxia, a doubly stressful condition. The effect of ßooding duration on survival in metabolically active insects of tidal wetlands has been studied (e.g., Treherne 1976a, King et al. 1982 ), but not with regard to species conservation. Prolonged submergence may have a negative impact on survival, population dynamics, and species persistence, especially for insects with limited mobility.
There are two subspecies of Coenonympha tullia in northeastern North America. The maritime ringlet butterßy (C. tullia nipisiquit McDonnough) is a federally endangered, rare subspecies of C. tullia Mü ller that inhabits salt marshes along the Bay of Chaleurs in northern New Brunswick and in the Gaspé Peninsula of Qué bec. Maritime ringlet larvae experience periodic seawater submergence in their natural habitats, where they feed on the major host plant, salt meadow cordgrass, Spartina patens (Aiton) Muhl. (Webster 1998, Sei and Porter 2003) . Given the prevalence of suitable salt marshes in the Bay of Chaleurs region, rarity of the maritime ringlet makes one suspect that it has low potential for recolonization after local extinction events. Low vagility is observed in other endangered Coenonympha spp. in Europe (Joy and Pullin 1997 , Lhonore and Lagarde 1999 , Cassel et al. 2001 . The rapid population expansion observed within a few 1 E-mail: makiri@nsm.umass.edu.
years after the reintroduction of the maritime ringlet to two salt marshes (personal observation) also suggests that their mobility may strongly limit their distribution. The inornate ringlet (C. tullia inornata Edwards) is a common and widespread subspecies of C. tullia found throughout the northeastern United States and southeastern Canada, including sites within a few kilometers of maritime ringlet populations. The inornate ringlet inhabits meadows and uses various grasses as hosts. This species is bivoltine in the southern part of its range and univoltine in the north (Wiernasz 1989) . Wiernasz (1989) found that a C. tullia nipisiquit population from Bathurst, New Brunswick, was genetically distinct from C. tullia inornata populations from Ontario, Quebec, New York, Vermont, New Hampshire, and Massachusetts, even though morphometrics failed to reliably distinguish the two subspecies. Because the maritime ringlet lacks unique morphological traits to distinguish it from other C. tullia subspecies, it was not described until the 1930s (McDonnough 1939) .
Maritime ringlet larvae seem to have narrow microhabitat requirements within a salt marsh (Sei and Porter 2003) . Although most of the microhabitats support potential host plants (e.g., Spartina spp., Distichlis spicata L. Greene, Festuca rubra L.), the larvae had the highest survival rate in microhabitats dominated by S. patens with moderate ßooding duration. Microhabitats within a salt marsh differ in ßooding duration because of elevation and drainage. For example, microhabitats characterized by saltgrass, Distichlis spicata, have poor drainage; standing water remains for several days after the high spring tide (Miller and Egler 1950, personal observation) . This raises a concern that microhabitats with longer durations of tidal ßooding might not be suitable for the maritime ringlet larvae if prolonged submergence was detrimental to their survival. Relative sea level rise is known to cause wetland loss and vegetation change in tidal marshes (Warren and Niering 1993, Keddy 2000) , and it can be a potential threat to maritime ringlet populations if chances of recolonization are low. Apparently, the maritime ringlet can survive some degree of tidal submergence; however, its effect on larval survival needs to be quantiÞed.
Insects and spiders that live in habitats prone to frequent ßooding can often withstand submergence better than others that do not (Brown 1948 , Evans et al. 1971 , Foster and Treherne 1976a , King et al. 1982 , Rovner 1989 , Witteveen et al. 1987 , Hoback et al. 1998 , Zinkler et al. 1999 . To test whether the maritime ringlet has locally adapted to the intertidal habitat, I included upland populations of the inornate ringlet larvae in this experiment for comparison. Maritime ringlet habitat poses an environmental challenge unlike that of the inornate ringlet habitat: a halophytic host and tidal submergence. If the two subspecies differ in their ability to withstand saltwater submergence, it will support the idea that special adaptations to the salt marsh habitat have evolved within the maritime ringlet populations. If the two species are similar in their ability to tolerate saltwater submergence, sympatry of the two subspecies through shared resources and possible gene ßow are probable.
In this study, I tested whether tidal submergence has detrimental effects on the survival of maritime ringlet larvae compared with larvae of the common inornate ringlet and whether inornate ringlet larvae can use the host plant of the maritime ringlet, S. patens.
Materials and Methods
Larval Sources. Maritime ringlets and inornate ringlets have different phenologies. Because I thought that the physics and chemistry of the salt marsh water may not be replicable with artiÞcial seawater, I decided to simultaneously subject both subspecies to submergence using natural salt marsh water. To control for the possibility of differential survivability of separate larval instars, I carried out the submergence experiment when both subspecies were at approximately the same life stage. To do this, I collected inornate ringlet larvae Þrst and raised them under cold conditions to slow their growth. In early June 2002, I captured 10 female inornate ringlet butterßies in Amherst and Sunderland, MA, and I placed them in oviposition bins with grasses (Poa annua L., Agrostis stolonifera L., and Festuca spp.) in groups of 3 or 4. The oviposition bins were created by removing the bottoms of 2l plastic bottles and inverting them on cups Þlled with water, with the tops closed with tissue paper secured with rubber bands for ventilation. I placed some dead grass in the bottom because C. tullia generally oviposits on blades of dry thatch at the bottom of vegetation (Weissman 1972 , Webster 1998 . I kept the oviposition bins in a well-lit indoor area to encourage oviposition, with temperature ranging from 22 to 25ЊC. Every day I fed the inornate ringlet butterßies with dilute honey and collected all eggs laid on grasses. I kept the eggs in a growth chamber set at 10ЊC with LD 14:10 photoperiod. When the larvae hatched in early July, they were transferred to 10-oz nursery cups containing shade-tolerant lawn grass (Poa spp.) sown on sterilized cotton balls. I kept the hatched larvae in the growth chamber at this temperature and photoperiod and took them out of the growth chamber every 5 d to ensure slow but steady growth until they were used in the experiment. At the time of the experiment, the larvae were in their Þrst instars, 5Ð 6 mm in length.
In late July 2002, I collected 24 female maritime ringlet butterßies from two populations in Bathurst and one in Beresford, New Brunswick, Canada. They received treatment similar to the inornate ringlet butterßies, except S. patens replaced the grasses in the oviposition bins. The photoperiod and temperature regimen was comparable with that for the inornate ringlet females. When the larvae hatched, they received the same treatment as the inornate ringlet larvae, except they were grown in an ambient temperature ranging from 22 to 25ЊC. When they were transferred into similar nursery cups sown with shadetolerant lawn grass, they readily accepted the host. When I conducted the experiment, they were in their Þrst instars, 4 Ð5 mm in length.
The maritime ringlet females were deposited as voucher specimens at the Species at Risk Program, Fish and Wildlife Branch, Department of Natural Resource and Energy of New Brunswick.
Submergence of the Larvae. I subjected groups of 20 maritime ringlet and inornate ringlet larvae to 0, 1, 2, 4, 8, and 24 h of submergence using salt-marsh water collected from the Peters River salt marsh, Beresford, New Brunswick, Canada, during an episode of extreme high tide on 10 August. This duplicated the salinity conditions of the ßooded marsh. I placed a small piece of ßoristÕs foam weighted with a washed and dried glass pebble inside of an 18-oz plastic cup. I inserted cuttings of S. patens into the ßoristÕs foam and transferred ϳ10 larvae into each cup. Six hours after the transfer, I Þlled the cups slowly with the salt marsh water. I measured the pH of the salt marsh water with a QuiKcheK (pH-ATC Pocket Meter, model 106; Thermo Electron, Beverly, MA) and salinity with a VISTA Salinity Refractometer (model A366ATC; Vee Gee ScientiÞc, Kirkland, WA). The control groups were transferred to the experimental cups along with the experimental groups, and they were kept in experimental cups for 24 h without submergence after the onset of the experimental groupÕs submergence. At the end of the submergence, I drained the cups slowly and returned the larvae to the nursery cups with shade-tolerant grasses. I recorded the number of the larvae alive at 2 and 4 d after the end of the submergence. I evaluated the effect of submergence on the two subspecies with logistic regression analysis using JMP Version 4 (SAS Institute 2000). The model used to predict larval mortality was
where P m is the probability of mortality, b 0 , b 1 , and b 2 are regression coefÞcients, and SUB and SP are the independent variables (effects of submergence duration and being either C. tullia nipisiquit or C. tullia inornata, respectively). The interaction of SUB and SP was not included in the model because of the low variability in the response of maritime ringlet larvae (i.e., extremely low mortality; Table 1 ).
Palatability Testing of S. patens to the Inornate Ringlet Larvae. I obtained 20 neonate inornate ringlet larvae from eggs laid by females captured within 1 km of the Daly Point salt marsh in Bathurst. I also obtained 20 neonate maritime ringlet larvae from eggs laid by females captured at the Daly Point salt marsh. I transferred the newly hatched larvae in groups of 10 to S. patens cuttings collected from the Peters River salt marsh in Beresford. The cuttings were inserted into vials Þlled with water and plugged with cotton to prevent the larvae from drowning. The condition of the larvae was checked daily; S. patens cuttings were changed with fresh ones as necessary, and larvae that wandered off S. patens were returned to the cuttings.
Results
Effect of Tidewater Submergence. The salinity of water collected from Peters River salt marsh at the time of the experiment was 27 Ϯ 1 per thousand, pH was 8.0 Ϯ 0.1, and temperature was 16.0 Ϯ 0.1ЊC. Neither subspecies showed submergence-avoidance behavior, unlike what Joy and Pullin (1997) saw in some of their C. tullia larvae, but this may be because of the age difference of the larvae. Agitation behavior in response to hypoxia displayed in other insects (Heslop et al. 1963 , Foster and Treherne 1976b , Wegener and Moratzky 1995 , Kö lsch et al. 2002 was not observed either. In the Þeld, a maritime ringlet larva was also observed completely submerged during high tide without showing any tidewater avoidance behavior. The water pH did not change during the experimental submergence period, and the temperature varied between 16 and 19ЊC. Both subspecies that had been submerged for shorter periods started crawling within a few minutes after the termination of submergence. As the submergence duration increased, however, it took longer for both subspecies to recover. In general, the maritime ringlet larvae were less ßaccid at the end of submergence and recovered sooner than the inornate ringlet larvae.
Two days after the end of the submergence event, the inornate ringlet larvae started dying. Generally, the mortality was higher among the larvae that experienced longer submergence (Table 1 ). The mortality rate rose during the following 2 d. However, the only two maritime ringlet larvae that died in 4 d were among those that experienced 24-h submergence. Logistic regression analysis showed that the effects of submergence and taxon on larval mortality were both signiÞcant after 4 d (r 2 ϭ 0.2948, 2 ϭ 51.86, P Ͻ 0.0001, Table 2 ). The effect of submergence on survival of the inornate ringlet larvae was also signiÞcant (r 2 ϭ 0.1338, 2 ϭ 16.84, P Ͻ 0.0001, Table 2 ) when the maritime ringlet larvae were excluded from the model. Lack-of-Þt tests indicated that overall model Þt was acceptable for both models. Effect of the Halophytic Host on C. tullia inornata. The inornate ringlet larvae could not survive on the host plant of the maritime ringlet. The neonate larvae initially fed on S. patens for 1Ð2 d, but soon stopped feeding and tried to leave the host plant, possibly in search of another host. Twenty neonate larvae of the inornate ringlet died within 1 wk in contrast to the maritime ringlet larvae, which readily adopted the host, wandered off less often, and experienced no mortality.
Discussion
Maritime ringlet larvae show clear evidence of adaptation to their salt marsh habitats compared with their close relatives in nearby uplands. The maritime ringlet larvae showed higher tolerance to submergence than the inornate ringlet larvae: submergence in salt marsh water killed more inornate ringlet larvae than the maritime ringlet larvae. The cause of mortality was not drowning but the physiological damage inßicted during submergence. The feeding experiment showed that it is very difÞcult for the inornate ringlet larvae to survive in the maritime ringlet habitat feeding on halophytic hosts. Even though some inornate ringlet larvae survived saltwater submergence in this experiment, it is apparent that their chance of surviving and reproducing in a salt marsh is very low because they would experience such saltwater submergence for at least several days every month (personal observation). This is strong evidence of local adaptation found in the maritime ringlet populations in response to tidal submergence and the halophytic host, a selection pressure quite different from what the inornate ringlet populations normally experience.
Maritime ringletsÕ adaptation to the salt marsh habitat suggests resistance to hypoxia and a hyperosmotic environment, which are probably caused by physiological, not morphological, adaptations. Diets of herbivorous insects that rely on nonhalophytic hosts are generally high in potassium and low in sodium relative to their hemolymph concentration (Stobbart and Shaw 1974) , so a halophytic host with a high sodium concentration is expected to challenge the insectsÕ digestive and osmoregulatory systems severely. The change in hemolymph osmotic pressure is known to inßuence insect feeding rate (BroLarsen 1953 , Stobbart and Shaw 1974 , Witteveen et al. 1987 , which may help explain why the inornate ringlet larvae stopped feeding when they were presented with S. patens. In addition to nontrivial increases in metabolic rate for osmoregulation, high-sodium diets in insects are known to damage the gut lining (Stobbart and Shaw 1974) and reduce the rate of glucose absorption into the hemolymph (Foster and Treherne 1976b) . Because high osmotic pressure relative to hemolymph demands energy expenditure to maintain osmotic homeostasis, the maritime ringlet may have adaptations to maintain osmotic homeostasis at lower metabolic cost than the inornate ringlet, such as relatively high hemolymph osmotic pressure. According to Hoback et al. (2000) and Wegener and Moratzky (1995) , insects tolerant of anoxia maintain a lower metabolic rate during and immediately after anoxia compared with those less tolerant of anoxia. Maintaining lower metabolic rate is considered beneÞcial because it minimizes oxidative damage (Hoback and Stanley 2001) and poisoning from byproducts of anaerobiosis during anoxia. Relatively low metabolic rates observed immediately after anoxia in insects may also be indicative of an effective repayment of oxygen debt (cf. Ellington 1983). It will be interesting to see if those metabolic adaptations can be observed in maritime ringlet populations relative to other C. tullia.
Even though the larvae were in the experimental cups with S. patens for several hours, it is unlikely that the inornate ringlet may have become poisoned from feeding on it before the onset of submergence. Evidence of feeding was not noticeable, and even though the inornate ringlet control group was in the experimental cups for Ϸ30 h, their survival rate was higher than in other inornate ringlet experimental groups, which had less time to feed on S. patens. Thus, S. patens poisoning should not have confounded the effect of hypoxia very much. It is also unlikely that tolerance to tidewater submergence has to be acquired from feeding on halophytic host plants. Even though both subspecies were exposed to the S. patens at the same time, the maritime ringlet larvae were more tolerant of saltwater submergence than the inornate ringlet larvae. It remains possible that nongenetic maternal effects play a role, but it is difÞcult to imagine a plausible physiological mechanism.
Even though the inornate ringlet larvae tested in the submergence study were obtained from populations in Massachusetts, the result should be representative of other populations of C. tullia inornata. It is unlikely that such adaptations to tidal environments are selected and maintained in other inornate ringlet populations where ßooding and halophytic hosts do not occur. Populations in Massachusetts and New Brunswick are probably both derived from populations in southern Quebec decades ago (Wiernasz 1989) ; therefore, it is safe to assume that they are similar with regard to their ability to withstand tidal submergence and halophytic hosts. Although it is possible that the All model coefÞcients were signiÞcant at ␣ ϭ 0.05. a P m , predicted probability of mortality; b 0 , intercept; b n , model coefÞcients; SUB, submergence duration (0 Ð24 h); SP, subspecies (0, inornate ringlet; 1, maritime ringlet).
age and growth regimen may have had some effects on the survival of the larvae, both the species effect and the duration effect (Table 2 ) on survival are very signiÞcant.
First-and second-instar larvae of the maritime ringlet had much higher chances of survival on S. patensÐ rich microhabitats in the upper salt marsh than other microhabitats (Sei and Porter 2003) . Because tidal submergence exceeding several hours is rare where S. patens grows (Bertness and Ellison 1987) , it is unlikely that the prolonged submergence affects larval survival in their natural habitat. However, I cannot rule out that catastrophic saltwater submergence may occur when a storm coincides with high tide, causing prolonged submergence that may interfere with feeding and development of the larvae. In addition, maritime ringlet larvae may be exposed to a lethal duration of tidal submergence where drainage is extremely poor and standing water remains for almost 1 wk (personal observation). Although a part of the ßooded vegetation remains emergent during neap tide, maritime ringlet larvae may not actively seek refuge from tidewater, given their passive reaction to submergence. Spring tide may also allow pelagic predators to forage in the maritime ringlet habitat (Rozas and Zimmerman 2000) , which may further limit their survival in such microhabitats. Because some metabolically active intertidal insects are known to survive submergence over 24 h Treherne 1976a, Topp and Ring 1988) , it is possible that the maritime ringlet can survive much longer submergence.
The maritime ringletÕs unique adaptation to saline wetland habitat sets them apart from other ringlet populations. Morphologically, the maritime ringlet is a cryptic subspecies that cannot be reliably distinguished from the inornate ringlet (Wiernasz 1989) . However, it is confronted with a more stressful environment than other C. tullia inornata populations. It is not surprising that the maritime ringlet has adaptations markedly different from those of the inornate ringlet, and it may have other unique life history traits adaptive to the intertidal environment as well. There is genetic evidence that suggests maritime ringletÕs lineage may be distinct from inornate ringlet populations (Wiernasz 1989) , and the results of this study are in agreement.
Although this study strongly suggests that the inornate ringlet is incapable of surviving in the maritime ringlet habitat, we cannot yet predict the evolutionary fate of the maritime ringlet populations. The maritime ringlet became parapatric with the inornate ringlet relatively recently, when the inornate ringletÕs range expanded south-eastward in the last 50 yr and came to overlap with the maritime ringletÕs (Wiernasz 1989) . Their respective habitats do not occur side by side, but they are often found within each otherÕs normal dispersal range. Therefore, it is uncertain whether they can retain their adaptation to saline wetland if there is gene ßow. Knowledge of their potential genetic interactions is needed for their management.
